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ABSTRACT  Electrical properties  of the muscle fiber membrane  were  studied
in  the  barnacle,  Balanus nubilus  Darw.  by  using  intracellular  electrode  tech-
niques. A depolarization  of the  membrane  does not usually produce an all-or-
none  spike  potential  in  the  normal  muscle  fiber  even  though  a  mechanical
response  is elicited.  The intracellular  injection  of Ca++-binding  agents  (K2SO4
and K salt of EDTA solution, Ks citrate solution, etc.)  renders the fiber capable
of initiating all-or-none spikes. The overshoot of such a spike potential increases
with increasing  external Ca concentration,  the increment  for a tenfold increase
in Ca concentration being about  29 my. The threshold membrane  potential for
the spike and also for the K conductance  increase  shifts to more positive mem-
brane potentials  with  increasing  [Ca++],ut.  The removal  of Na  ions  from  the
external  medium does  not change  the configuration  of the  spike potential.  In
the absence  of Ca++ in the external medium,  the spike potential  is restored by
Ba++ and Sr++ but not by Mg++. The overshoot  of the spike potential  increases
with  increasing  [Ba++]out  or [Sr++],,t.  The  Ca  influx  through  the  membrane
of the fiber treated with K2SO 4 and EDTA was examined with Ca45. The  influx
was  14 pmol per sec. per cm2 for the resting  membrane  and 35 to 85 pmol per
cm2 for one spike.  From these results it is  concluded that the spike potential of
the barnacle muscle fiber results from the permeability increase of the membrane
to Ca++ (Ba++  or Sr++).
INTRODUCTION
Fatt and Ginsborg  (1958)  and Werman  and  Grundfest  (1961)  have  demon-
strated  that the ionic mechanism  of excitation  in crustacean  muscle  fibers  is
somewhat  different  from  that found  for  other  excitable  tissues  such  as  the
squid giant axon or frog skeletal muscle fiber.  In crustacean muscle fibers the
major role in the production of the action potential is played by divalent cat-
ions rather than by Na ions, which are believed to  be most important in other
excitable  tissues.
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Recently  Hoyle  and Smyth  (1963  a, b)  have described  giant muscle  fibers
in the barnacle,  Balanus nubilus, with fiber diameters ranging  between 0.5 and
2.0 mm or occasionally  more.  Because of its large size  this muscle fiber offers
an excellent  material  to  study the  membrane  mechanisms  of the crustacean
muscle  fiber under various conditions.
The present work is concerned  with the behavior  of the membrane  of the
barnacle  muscle fiber in the presence of divalent cations such as Ca++, Mg++,
Ba++, and Sr++. A preliminary note has been published  (Hagiwara, Naka, and
Chichibu,  1964).
UTION
FIGURE 1.  Upper,  diagram  of
the preparation  holder.  Lower,
plastic  connector.  Explanation
in the text.
MATERIALS  AND  METHODS
Materials  Balanus nubilus was used for most of the experiments but occasionally
large specimens of Balanus tintinabulum and Balanus aquilla were  also used. The speci-
mens were obtained from the Pacific coast of the United States or Canada. The shells
of these specimens  were 5 to 8 cm high and 3 to 6 cm wide at the base.
Preparation  When  the shell  of the animal  was  opened  three  pairs  of muscles
were found each  originating  from the shell  and attaching  to the scutum  or  tergum
through  a tendon.  Each muscle  was isolated  with  the long  tendon  on one  end and
with a piece of shell on the other end. The muscle was then immersed in a dish filled
with physiological  barnacle saline  (Hoyle and Smyth,  1963,  a, b). Single muscle fibers
were isolated in the saline. The fiber was cut at the end close to the shell after tying
with a  string,  and the  long tendon  was  tied  with another  fine  string.  Cutting  the
fiber usually resulted in a slight shortening. If the isolated fiber was kept in the saline,
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further shortening occurred,  and  it became unsuitable  for the experiment.  To avoid
shortening,  the following precaution  was taken.  Immediately  after isolation, the fiber
was removed  from the saline  and the saline  remaining  on the surface  was removed
with a piece of filter paper.  The fiber was then placed horizontally  on a glass platform
which consisted of two glass plates I and II,  I being 4.5  X  2.5 cm and II,  0.5  X  2.5
cm. The  two plates were  separated  by an  air  gap of about  2  mm  as shown in  the
upper part of Fig.  1. The cut end of the fiber  was placed at the outer edge  of plate II
and then the tendinous end through the middle of plate I. The first 5 mm of the fiber
on plate  I extending from the air gap was covered with paraffin oil or a paraffin  oil-
vaseline mixture, and the rest of the fiber on plate I was immersed in the physiological
saline. This procedure  prevented  current from spreading from the cut end. The fiber
did  not show  any  further  shortening  and  in most  cases recovery  was seen  from the
previous  shortening.  The length of the fiber  in the saline  was usually  1.5  to 2.0 cm.
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FIGURE  2.  Three  different  arrange-
ments of intracellular  electrodes.  Ex-
planation in the  text.
Microinjection  A glass pipette of 0.2 to 0.5 mm diameter  was used for the micro-
injection. The final tip of the pipette was shaped with a small gas flame. The pipette
was connected  to one of the outlets of the T-shaped channel  in the plastic connector
(shown in the lower  part of Fig.  1).  The second  outlet was  connected to the micro-
injection syringe through a plastic tubing. A short piece of glass tubing filled with wax
was connected  to the third  outlet through  which a silver  wire had  been introduced
into the pipette for applying current to the fiber membrane. This system was mounted
on  a  Peterfi-type  micromanipulator.  The  injection  pipette  was  introduced  longi-
tudinally  into  the fiber  through  the cut  end  at the  outer  edge  of plate  II. It was
always  necessary  to adjust the axis of the pipette parallel  to that of the fiber  before
introducing the pipette. A small amount of solution was then injected and this diffused
out around the tip.  Thereafter  the tip was advanced  stepwise  about  2 to 3  mm and
the injection  was repeated  after  each step,  until the end was reached.  The injection
was usually made into the fiber between the oil-saline interface and the tendinous end
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until  the diameter  of the fiber  became  1.5  to 2.0  times its  original size.  Thus,  the
volume of the injected solution would be one to three times that of the fiber itself. In
this manner the internal  ionic composition  would approach that of the injected solu-
tion. The muscle  fiber appears to tolerates  this stretching  well,  in contrast  with the
giant axon of the squid which becomes inexcitable  after slight stretching produced by
injection.
Recording of  Potential and Application of  Current  For  recording  potentials  3  M
KCl-filled  fine tip glass  pipettes  were  normally used in conjunction  with a cathode
follower (Bak  type).  The recording  was performed,  as a rule, at the membrane near
the tendinous end to avoid any disturbance resulting from the cut end. This was  2.5
to 3.0 cm from the cut end. The space constant of the fiber ranged  between  3 and  5
mm and it increased sometimes after the injection.  Since the oil and air gaps decrease
the cut end effect on the rest of the membrane this distance would seem to be sufficient.
A zinc-zinc sulfate electrode or a zinc plate was connected to the saline through a salt
bridge and  also  to  ground  through  a  resistor  (10  to  100f).  The  intensity  of  the
applied current  was recorded  as a potential  drop  across  this  resistor.  A silver  plate
electrode  was also immersed  in the saline bath and the potential  was recorded  as the
difference  between  the  potential  at the tip of the  micropipette  and the  silver  plate.
The tip of the recording micropipette was withdrawn from the fiber when the external
saline was changed,  to avoid possible damage to the membrane during  the exchange
and  also to eliminate  error  in junction  potentials between  the  silver plate  electrode
and different  salines.
Transmembrane  stimulation was  performed through the injection pipette in which
a fine  silver  wire had  been  inserted. The tip  of the injection  pipette was introduced
into the recording region to obtain potential changes at the site of stimulation. Square
current  pulses were  applied  through a  1 ME2  resistor  as  shown  in Fig.  2A.  When  a
space clamp condition  was desired,  a  silver wire  of about  100  diameter  was intro-
duced through the injection  pipette,  through a soft wax plug in the third outlet after
the tip of the  injection  pipette  had  been withdrawn  back to  the oil-saline  interface
(Fig.  2B).  For  the voltage-clamp  condition  a double  wire  electrode was  used  (Fig.
2C).  The electrode  consisted  of a  100  silver wire uninsulated  for  1 cm from the tip
and a  35  nichrome  uninsulated for  1 mm at about  5  mm from the tip  of the first
wire. The larger wire served as the current electrode and the smaller wire for record-
ing  potential  changes.  The  electrode  was  introduced  after  the  withdrawal  of the
injection  pipette. The voltage clamp arrangement used in the present experiment was
essentially that described  by Tasaki  and Hagiwara  (1957).  In  a few experiments  the
tension of a muscle fiber was recorded through a thread connected to the tendon under
an approximately  isometric  condition  by means  of a mechanoelectrical  transducer.
External Solutions  The  normal  barnacle  saline  had  the following  composition
(Hoyle  and  Smyth,  1963  a): NaCl,  466 mM;  KC1,  8 m; CaC12,  20 mM;  MgC12 ,  12
mM;  NaHCO3,  10  m.  The  composition  of  the  Ca,  Ba,  or  Sr-saline  was,  CaC12
(BaC12 or SrC12), 337 mM;  KC1, 8mM;  MgCl 2,  12  m.  The Ca-free  saline was obtained
by replacing  CaC12 and  NaHCO3  of the normal barnacle  saline with  30  mM NaCl.
The saline of a desired concentration of Ca++ (Ba++  or Sr++) was obtained by mixing
appropriate  parts  of the Ca ++ (Ba++  or  Sr++)  and  Ca-free  salines.  In  some  experi-
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ments the equimolar  substitution  of NaCl in  these solutions was made with tris (tris-
(hydroxymethyl)aminomethane)  Cl,  choline C1, guanidine  C1, LiCI,  or  TMA (tetra-
methylammonium)  C1.
A test  saline  was  added to the bath surrounding  the  fiber through  a plastic tube
fixed at  one  corner  of the plate  I  and the  excess  saline was  withdrawn  by suction.
This  kept  the  surface  level  of the  saline constant  and the  fiber  in saline  during the
exchange.  About 20 cc of the new  test solution was introduced  and since the volume
of saline in the bath was about  1 cc,  the exchange should  have been fairly  complete.
Internal Solutions  The compositions of the internal solutions  are  listed in Table
I.  In each solution the pH was adjusted  to 6.9 by adding KOH.
Ca++ Influx  Measurement  The  influx  of  Ca++  into  the  fiber  was  examined  by
using  Ca45. After  injection  of  the  appropriate  solution  the  tip  of  the  pipette  was
withdrawn to the saline-oil  interface  of plate I  of the platform.  Stimuli were applied
intracellularly through the pipette at 1 per sec. and each outward current pulse of 20
msec. duration had an intensity jost above the spike threshold.  Spike  potentials were
TABLE  I
COMPOSITIONS  OF  INTERNAL  SOLUTIONS
K salt of
K 2SO4  Ka citrate  EDTA  KH2PO4  Sucrose
mM  mM  mm  mM  mM
K2SO4,  solution  A  321  - - 50  -
K 2SO4,  solution  B  301  - 20  50  -
K2SO4,  solution  C  185  - 20  50  349
Ka citrate  solution  - 137  - 50  416
monitored  externally  through  a  pair  of electrodes,  one  in  the  saline  bath and  the
other on the cut end of the fiber. The saline in the bath was then replaced  with radio-
active  saline.  After a  varying  period  of immersion  with or  without stimulation,  the
radioactive  saline  was removed  and the fiber was rinsed  with non-radioactive  saline
five times.  The portion of the fiber exposed  to the radioactive  saline was moved  to a
planchet  by cutting the  fiber at the oil-saline interface  and dissolved  by heating with
nitric  acid and  H20 2 . After samples  had  been dried  as a  thin  film  in planchets  the
radioactivity  was determined  with a  Nuclear  Chicago  Corp. counter  in conjunction
with  a  gasflow  detector  and  printing  timer.  The  background  radioactivity  of  this
machine was roughly  1.5 cPM.  A small sample  of the chloride  of Ca45 (164 day half-
life)  was  added  to  the  normal  barnacle  saline  and  pH  was  readjusted  by  adding
NaHCO3. The radioactivity  of the  saline  was  22 to 25  X  105 (count per min)/cc.
RESULTS
1. Electrical Properties  of the Normal Fiber Membrane
The resting potential  of the fiber immersed  in normal barnacle  saline ranged
between  70 and 80 my. The potential changes of the membrane and associated
tension changes  of a single muscle fiber when current pulses of various magni-
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tudes were applied through the membrane are shown in Fig.  3.  A double wire
electrode was introduced longitudinally through the fiber, one wire for passing
current  through  the  membrane  and  the  other  for  recording  the  membrane
potential  change.  In most cases no appreciable regenerative  potential  changes
were  observed  even when the membrane was depolarized  to a level sufficient
for  initiating the mechanical  response.  In  a few cases  a small  oscillatory  po-
tential  change was seen and rarely a small spike potential  was produced.  The
mechanical  response increased  as the depolarization  increased.  When  a spike
potential  occurred  it  was  accompanied  by  a  large  increase  in  the  tension
developed.
FIGURE 3.  Simultaneous recording of the membrane potential change  (upper trace) and
the tension development  (middle trace) when a constant current pulse  (lower trace) was
applied  through the membrane.  Depolarization  of the membrane, upward  and outward
membrane  current, upward.  A double-wire electrode  was used.
The space and time constants of the fiber observed with a small inward cur-
rent  pulse were  2.5 to  5.0  mm and  35  to 40 msec.  respectively.  The specific
values  of the membrane  resistance and capacity were found  to be  2  to  3KQ2.
cm2 and  13 to  17 tf/cm2.
2.  Initiation of Spike Potential after the Removal  of internal Ca ++
When the  isotonic  K2SO 4 solution  (K2S0 4, solution A)  was injected  into the
fiber,  the resting potential  as  a rule decreased  by about  20 my. As described
above  the  normal  fiber  membrane  did  not  usually  display  a  appreciable
regenerative  potential  change in response  to electrical stimulation.  However,
after the injection  of the K2SO4,  solution A, either oscillatory  responses or all-
or-none  spike potentials were  obtained.  If the K salt of EDTA was added to
146SUsuMU  HAGIWARA  AND  KEN-ICHI  NAKA  Ca Spike in Barnacle Muscle
the K2SO 4 solution (K2SO 4, solution B) all-or-none spikes were always present.
Records 1 and 2 of Fig.  4A were  obtained before and after the injection of the
K2S04, solution  B. No appreciable  regenerative  potential  changes are seen in
FIGURE 4.  A, membrane potential changes  of the same  muscle fiber before (1) and after
(2)  the injection  of K2SO4, solution B.  Obtained  in normal saline.  B, a small spike poten-
tial obtained with a very small  injection of K2SO4 solution B, in B 1 and B2 was obtained
from  the same  fiber  after  a  small  additional  injection.  Obtained  in  normal  saline.  C,
internal solution, K2SO 4 solution B, but EDTA was replaced  with EGTA.  External  solu-
tion, normal saline. D, internal solution, Ks citrate solution and external solution, normal
saline.  The bottom  trace in each record  in A  represents the current applied  to the mem-
brane. The uppermost trace in C and  in D indicates  the reference membrane  potential
level.
Al but a spike potential  is seen in A2.  When the amount  of injected solution
was  small a  spike potential  of a smaller  amplitude  was observed  (Fig.  4B 1).
Fig.  4B2 was obtained from the same fiber after injecting an additional  small
amount  and  shows  a  full  sized  spike.  The  amplitude  of the  spike potential
depended  on the  amount  of injected  solution  only when it was small.
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The effect of K2S0 4or EDTA on the presence of spike initiation in the bar-
nacle muscle fiber appears to be due to removal of internal Ca++. The SO4 ion
has Ca++-binding action, and EDTA is known to be a strong binding agent for
ionized calcium. Therefore,  a similar effect might be expected for the injection
of some other Ca++-binding agents such as citrate and EGTA  (ethylene glycol
bis-(f-aminoethyl  ether)-N ,N'-tetraacetic  acid) and indeed this was found, as
shown by Fig. 4C and D. Since EGTA does not appreciably affect the concen-
FIGURE  5.  Effects of external Ca++ concentration upon the spike potential of the muscle
fiber. The muscle fiber was injected with K2SO 4, solution B for series  A and with K2SO 4,
solution  C for  series  B.  [Ca++]out  was 20,  43, 85,  169,  and  338  m  for  records  1 to  5 in
each series.  The trace  in the uppermost part of each record  shows the reference potential
level.
tration of Mg++, the presence of a spike after its injection suggests that the im-
portant factor for rendering the membrane capable of initiating an all-or-none
spike is the removal of Ca++ rather than Mg++.
After  the  injection  of these  solutions  the muscle  fiber became  incapable  of
producing  a  mechanical  response.  In other  words  the spike  potential  of the
injected  fiber  was  not  associated  with  a  mechanical  response.  This  is  pre-
sumably  also due to removal of internal  Ca+ +.
3.  Effect of External Ca++ Concentration on  the Spike Potential
The amplitude  of the spike potential obtained by injection of a Ca++-binding
agent  increased  when the  Ca++  concentration  of the  external  saline was  in-
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creased  while the  resting potential  was unchanged.  Two  series  of records  (A
and  B  in Fig.  5)  were  obtained with  two different  fibers  and  in each  series,
records  1-5 show  spike potentials  obtained  at  20,  43,  85,  169,  and  338  mM
[Ca++],,ut  respectively.  The  338  mM  Ca  saline  corresponds  to  the  pure  Ca
saline which is free of Na. The fiber for series A was treated with the internal
K 2SO4, solution B, with a K+ concentration  of 717 mM.  The internal solution
for series B was the K2SO 4,  solution  C, in which  the concentration  of K+ was
reduced  to 485 mM by replacement with  sucrose.  As described above solution
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FIGURE  6.  Effects  of external  Ca++ concentration  on  the  active  membrane  potential
(spike overshoot) and the firing membrane potential. Three sets of relations were obtained
from three different fibers. Broken  line in the figure shows the slope of 29 my for a tenfold
increase  in  concentration.
B  caused  a  decrease  of the  resting potential  by about  20  my,  but usually  no
appreciable  decrease was found with  solution C. Although  the resting poten-
tials differed in the two cases, the relations between the spike potential and the
external Ca++ concentrations  were similar.
The relation between the overshoot of the spike and the Ca++ concentration
is shown in Fig. 6. Curves for three fibers are shown, two for the internal KSO 4
solution B and one for C. In all cases the overshoot increased linearly with the
logarithm  of  [Ca++]0 ut  up  to  about  100  mM;  the  rate  of increase  became
smaller for higher  concentrations.  The average slope  of the linear  part of the
curves is 29 my for a tenfold increase in concentration  (indicated by the broken
line). Although the observed  slope was found to be smaller than that expected
_
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for  a membrane  exclusively permeable  to Ca++, especially  in a range of high
Ca++ concentration,  the  result indicates that the  membrane becomes  perme-
able to  Ca ++ during  the  spike potential.
A decrease  of the external  Ca++ concentration  below the normal value  (20
mM)  always  produced a decrease  of the spike  overshoot.  This is  shown in rec-
ords B2 and 3  of Fig.  7,  which were obtained during soaking of the fiber with
a saline  in which the  Ca++ had been replaced  with  an equivalent  amount  of
Mg++. The decrease  was  reversed  on returning to normal  saline  (B4).
FIGURE  7.  A,  polarization  of the fiber  membrane  with  prolonged current  pulses indi-
cated  by lower  traces.  K2SO4, solution B was injected  and external  solution  was normal
barnacle  saline. B, effect of removal  of external Ca++. , in normal barnacle saline before
the wash. 2-3, during the wash with a saline in which the CaC12in the normal saline had
been replaced with MgCl2. 4, in normal saline after  the wash.
The second effect of increasing the Ca++ concentration was the positive shift
of the potential at firing level. The firing membrane potential changed linearly
with the logarithm of the [Ca++]out and an increment of about 6 mv was found
for  a  twofold increase  of [Ca++]ut  (Fig.  6).  Another  effect  of increasing  the
Ca++ concentration  was an increase  in resting  membrane  resistance.  In  one
fiber examined  carefully the ratios of the  resting  membrane  resistances  were
6.3:  7.0: 9.3:  14.8  for 43,  84,  169,  and 328  mM  [Ca++]out.
When the  applied outward  current  was  prolonged,  repetitive  spike poten-
tials appeared  (Fig.  7A).  No adaptation was found for spike frequency during
the polarization within the range of pulse durations used in the present experi-
ment (up to 500 msec.),  and the frequency increased linearly with the intensity
of the outward current.
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4. Effects of External Na +,  K+, and Mg++
The removal o  the Na+ from the external  saline did not affect the  spike po-
tential  in barnacle  muscle fiber  as it did in  other excitable  tissues.  In Fig.  8
records Al and 2 were obtained with the same muscle fiber treated with K2SO 4
and EDTA before and after replacement of the total NaCl in the normal bar-
FIGURE 8.  Effect of external Na+ (A and B) and K+(C) on the spike potential. In A and
B, records  1 and  2 were taken  before and  after the NaCl  in the external  saline was  re-
placed  with equimolar  tris Cl.  [Ca++]out,  20 mM in A and 84 mM in B. Records  C I and 2
were both obtained from the same fiber in  165 mM  Ca saline but the K+ concentration  is
8 mM in  C1 and  35 mM in C2.  The internal  solution  was K2SO4, solution B for all  cases.
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nacle saline with an equivalent  amount  of tris C1.  Records  B1  and  2  show  a
similar  effect  of substitution  of the  NaC1 with  tris  C1,  but the  external  Ca + +
concentration  was  84 mM.  In both  cases  an increase  of resting potential  was
seen  and  this  was  a  consistent  finding  for  the  replacement  of Na  ions with
organic  cations  (Hagiwara,  Chichibu,  and  Naka,  1964).  No  appreciable
change  was found in the overshoot and the time course of the spike. A similar
result was obtained on substitution  of NaC1 with LiC1, choline  C1,  guanidine
C1,  and tetramethylammonium  C1. However,  some decrease  of spike potential
was found when the NaC1 in the external saline was replaced  with an osmoti-
cally equivalent amount of sucrose.
Increase  of the  Mg++ concentration  did  not restore  the  spike  potential in
Ca-free media.  Membrane resistance decreased and the membrane irreversibly
lost its excitability when the fiber was immersed in Ca-free solutions for a long
time  (more  than  30 min.).  These  changes could  usually  be prevented  by in-
creasing  the  Mg++  concentration.  Complete  removal  of Mg++ from  the  ex-
ternal saline did not alter either the resting potential or spike potential as long
as the saline contained  enough  Ca++.
The spike potential was often followed by a positive after-potential or under-
shoot  (Fig. 4B2). The membrane potential at the peak of the undershoot was
relatively  independent of the resting potential.  Thus,  the  undershoot  usually
became more marked when the resting potential was decreased by an outward
current or injury.  However,  for the decrease in resting potential  following  an
increase  of K+ concentration  in the external saline the peak of the undershoot
followed the changes  of resting potential  (Fig.  8C). Records  C1 and  C2  were
obtained  from  the  same  K2SO4- and  EDTA-treated  fiber  immersed  in  165
mM  Ca saline but the  [K+]out was  8 mM  in C1 and 35 mM  in  C2.  The  result
indicates  that the potential at the peak of the undershoot  is related to the K+
concentration  gradient  across  the  membrane  as  found  in  other  excitable
tissues, such  as the squid giant axon  (Hodgkin and Katz,  1949).
5.  Current-Voltage Relation of  the  Fiber Membrane  Treated with  K2S04 and
ED TA
In  order  to  obtain  current-voltage  relations  of the membrane  for  the  fiber
treated with K 2SO 4and EDTA a voltage clamp technique was employed. The
injection pipette was withdrawn after the injection and a double wire electrode
was introduced.  Since  the uninsulated  portion of the current electrode  had  a
length  of  1 cm,  this length  of the  fiber was under  the  space  clamp,  but the
effects  of adjacent  unclamped portions  of the  membrane were  not excluded.
This resulted in  an  oscillatory type  of current  associated  with a rectangular
voltage  change  of the  membrane  at  the  clamped  portion,  as  shown  in  the
records in the upper  part of Fig.  9.  The steady-state  current-voltage  relation
was measured,  therefore,  after  the  oscillation  had been  damped.  In  spite  of
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the error introduced thereby, the results should give a general idea of the form
of the current-voltage relation of the membrane.
The  membrane  current  associated  with  rectangular  depolarization  was
characterized  by  an  initial  inwardly  directed  rapid  surge  followed  by  the
development  of  an  outward  current  which  reached  a  steady-state  value
determined  by the membrane  potential. These  correspond to  the Na and  K
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FIGURE  9.  Current-voltage  relations  of the  fiber  membrane.  KSO4,  solution  B was
injected.  Open  and  filled  circles  represent current  intensity at  the  peak of the  initial
surge and at the steady state respectively.  Solid and broken lines  represent relations ob-
tained  at 43  m  and  338  m  [Caf+out respectively.  Insets A-C, membrane  current
(upper  trace) associated  with rectangular  depolarization  (lower trace).
currents  found in the squid axon  (Hodgkin  and Huxley,  1952).  However,  in
the present  case  the initial surge  seems to be related to Ca++ rather  than to
Na+. In Fig. 9 the currents at the peak of the initial surge are plotted by open
circles while those at the steady state are shown by filled circles.  Curves shown
by solid lines and broken lines were obtained from the same fiber but the Ca++
concentration was 43  m  in the former and 338 m  in the latter.
The initial  inward  surge  appeared  at  a certain  membrane  potential  and
increased  rapidly to a maximum.  This part of the relation,  however,  is not
shown  in the  figure  because  the result  was inaccurate  due  to the imperfect
space clamp condition. The initial inward surge thereafter decreased  approxi-
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mately  linearly  with  the increase  of  the membrane  potential.  At a  certain
membrane  potential  it changes  its sign from inward to outward.  This mem-
brane potential represents  the equilibrium potential at the peak of the initial
surge and coincides with the potential at the peak of the spike obtained in the
absence of the voltage clamp. The steady-state  outward current developed  at
a certain membrane  potential which  is slightly  less negative  than the  mem-
brane potential at which the initial inward  surge appeared.  The threshold  of
the  initial surge became  less  negative when  the Ca++  concentration was  in-
creased.  This  corresponds  to the  change  in threshold  of spike  potential  ob-
served in the absence  of the voltage clamp. A similar shift was observed for the
membrane potential  at which the final  outward  current  developed.  In other
words  these  characteristics  of the current-voltage  relationship  shift  along the
voltage axis in the positive direction as the external Ca++ concentration is  in-
creased.  The  shift was linear with the  logarithm  of Ca++ concentration  and
was about  6 to  7 mv for a twofold increase in  Ca++ concentration.  A similar
effect  of Ca++ has  been found  in  squid giant axons by Frankenhaeuser  and
Hodgkin  (1957)  and called  the stabilizing  action  of Ca++.
6.  Effects  of Barium Ions
When  20  mM  CaC12 in normal saline was  replaced  with equimolar  BaCl2,  a
marked  prolongation  of the spike potential  occurred in a muscle fiber treated
with  K2SO 4 and  EDTA  (Fig.  10B).  The  spike  was  followed  by  a plateau
lasting several seconds. As shown by Fig.  10B the potential level at the plateau
sometimes  increased slowly  after the start and reached a maximum in 2  to 3
sec.  The trace  above  the reference  potential  level  in Fig.  10B  was obtained
about  2  sec.  after the start of the  spike and shows that the plateau potential
level was higher than that at the onset. After reaching a maximum the plateau
potential  level  decreased  slowly  and  the  spike  potential  then  terminated
abruptly with a shoulder.  When the Ba++ concentration was raised a marked
increase  was seen  in  the  overshoot  of the  spike  (Fig.  10C-F).  The  relations
between the overshoot and the Ba++ concentration obtained from two different
fibers are shown in Fig.  11.  The overshoot increased very rapidly with an in-
crease  in Ba++ concentrations.  The  increment for  a tenfold  increase  in con-
centration  was 60 to 85 mv at lower Ba++ concentrations and 35 to 50 mv for
higher  Ba++  concentrations.  This  increment  is  not  only  much  larger  than
those  found  for  Ca++,  but  also  larger  than  expected  theoretically  for  a Ba
electrode.
The threshold  membrane potential  for the spike changed linearly with the
logarithm  of Ba++  concentration,  a positive shift of about  3 mv being  found
for a twofold increase of Ba++ concentration.  The shift of the threshold mem-
brane potential for Ba++ is therefore, much smaller than that found for Ca++.
In other words, the stabilizing action of Ba++ is less marked than that of Ca++.
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An increase  of the resting membrane resistance  was also found  for increasing
Ba++  concentrations.  The  plateau  potential  was  always  associated  with  an
increase  of  the  membrane  conductance.  In  a  fiber  observed  in  42  mM
[Ba++],ut,  the effective  membrane  resistance  between  the inside  and  outside
of the  fiber  became  one-sixth  of  the  resting value  in  the  early  phase  of  the
plateau  (2  sec.  after  the  start of the  spike)  and  about  one-half  in  the  latter
phase  (8 sec.  after  the start).
FIGURE  10.  Effects  of external  Ba concentration  on  spike potential  of muscle  fiber in-
jected  with K2S04,  solution B. Records A-F were  obtained from  the same  fiber.  A, in
the normal saline  and  [Ba++ljot,  20,  43,  85,  169,  and  338 mM for B-F.  The uppermost
trace in record B was obtained about 2 sec. after the start of the spike,  showing the poten-
tial level of the plateau.
Records A-E  of Fig.  12 were  obtained  with  a KSO4- and  EDTA-treated
fiber  when  the external  medium  contained  various  amounts  of Ca++  (0,  42,
84,  169,  and 296 mM  in A, B,  C, D, and E respectively)  in addition to 42  mM
of Ba++.  When Ca++ was present an oscillatory potential  change appeared  in
the early  phase  of the prolonged  spike  potential.  As  the  [Ca++],,,t  increased
it became more marked and finally repetitive spikes appeared.  The oscillatory
potential change or repetitive  spike activity always led to a plateau that lasted
for several  seconds.  The overshoot of the initial peak of the response increased
linearly  with  the logarithm  of  [Ca++] 0 u  for  concentrations  greater  than  42
mM. The slope  of the linear relationship  was similar to that found for Ca++ in
the absence of Ba++.
The prolonged  spike potential  found in  Ba media  left a long lasting period
during which  the  amplitude  of the response  was reduced.  A series  of records
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(B1 to 4  in Fig.  13)  were  obtained  in  84  mM  [Ba++],,,  with  an  increasing
interval  after  the  termination  of  the  full  sized  spike  (B4).  Record  B1  was
obtained about  10 sec.  after the termination and shows almost no regenerative
response.  As  the interval  increased  the  amplitude  of response  slowly became
larger  and 3  to 5 minutes  was necessary  for the  complete  recovery.  When  a
similar  experiment was  performed  in  a mixture of Ca and Ba  salines  a brief
20  50  100  200  500
mM
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FIGURE  1 1.  Effects of Ba ++ and Sr++ concentrations on  the active membrane  potential
(spike  overshoot)  and  the  firing  membrane  potential.  The  broken  line  indicates  the
slope of 29 my for a tenfold increase in concentration.
spike was always  obtained  during  this  period  (Fig.  13A).  The spike  has the
shape and amplitude  of that which would be produced in a medium contain-
ing the  same  amount  of  Ca++  and  no  Ba++.  As  the  interval  increased  the
amplitude  of the  spike  became  larger  and  the  time  course  became  slower.
Complete  recovery  required  more than  3  to 5 minutes.  The result  indicates
that  there  is  a  period  during  which  the  Ba+ + part  of the  response  is  still
refractory but not the Ca++ part.  In other words the response for  Ca++  can be
separated from that for Ba++ even when the medium contained both Ca++ and
Ba++.
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7.  Effects of Sr++
Effects  of Sr++ on the K2S0 4- and EDTA-treated  muscle fiber were more  or
less  intermediate  between  those  found  for  Ca++  and  Ba++.  Fig.  14B  shows
spike potentials obtained at various concentrations of external Sr++ and record
A of the  same  figure  gives a  control record  obtained  from the  same fiber in
normal saline. The time course of the Sr spike was usually similar to that of the
FIGURE  12.  Spike potentials of the muscle fiber injected with K2SO 4 , solution C obtained
in salines containing Ca++ and Ba++. [Ba++]out,  42 mM for  all cases. [Ca++]out,  0, 42, 84,
169,  and  296  mM  for A-E.
spike obtained in Ca media. However, the spike was sometimes followed by an
oscillatory  potential  which  led  to  a  plateau-type  potential.  This  is  seen  in
record  B1 obtained  at 21  mM  [Sr++],,t.  Record  C1  shows  also  an  oscillatory
type potential obtained at 338 mM [Sr++],,ut.  In some  cases  the  plateau  phase
of the potential followed  immediately after the peak  of the spike as  shown by
record  C2 and the shape  of these  spikes,  therefore,  was  very  similar  to those
found in Ba media.
The  relation  between  the  overshoot  of  the  spike  potential  and  the  Sr++
concentration  is shown in Fig.  11. The relation was similar to that obtained  in
Ca media. However,  in the case of Sr the slope did not decrease with increas-
ing concentration and the relation gave a straight line with a slope of about 29
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FIGURE  13.  Spike potentials obtained during the refractoriness  following  the full  sized
spike  (record 4  in each series).  The  internal  solution, K2SO 4 ,  solution B for both  series.
The external  solution contains 42  mM Ba++ and 42  mM Ca++ for A and  84 mM  Ba++ and
no Ca++ for B. The interval after the preceding  full sized spike is the smallest in record  1,
then 2 and  3 in each series.
FIGURE  14.  Effects  of  Sr++  concentration  on  the  spike  potential  of the  muscle  fiber
treated with K2SO 4, solution  C. Records A and B were obtained from the same fiber and
C1 and  2 from  two different  fibers.  A,  in the normal saline;  B1-5,  Sr concentration  21,
43,  85,  169,  and  338  mM respectively, Sr + + concentration  is  338 mM in  C,
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mv  increase  for  a  tenfold  increase  in  concentration,  as  expected  for  a  Sr
electrode.
The  positive  shift  of the  firing level  associated  with the  increase  of Sr++
concentration  was less  marked  than that  observed  for  Ca++,  but  similar  to
that  found  for  Ba ++ (Fig.  11,  bottom).  Unlike  Ca++,  Ba++ and  Sr++  can
produce an all-or-none  spike potential in the normal muscle fiber not treated
with K2S0 4 or EDTA. This agrees  with the results obtained with some  other
crustacean  muscle  fibers  by  Fatt  and  Ginsborg  (1959)  and  Werman  and
Grundfest  (1961).
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FIGURE  15.  Ca++ influx through  the resting  and active  fiber  membrane  treated  with
K2S04, solution C. The counts per minute per unit area of the membrane, on the Y-axis,
and the time during  which the fiber was immersed  in the radioactive  saline,  on the X-
axis. Filled circles  indicate  no  stimulations and  stars,  stimulation.  Figure listed  next  to
each  star indicates the number of spikes produced during the immersion.
8  Measurement of Ca Influx
Since the foregoing results suggest that Ca ions may enter into the fiber during
the spike  potential,  the influx  of Ca46 was studied in fibers  injected  with  the
K2S0 4 ;  solution  C. Fig.  15 shows the relation between  the counts per minute
per unit area of fiber membrane and the time during which the fiber was im-
mersed in the radioactive saline.  Because  of the presence of excess EDTA in-
side the fiber the internal free Ca++ concentration should be almost zero at all
times. In other words the concentration gradient across the membrane should
be practically  unaltered with time regardless of the rate of influx. This situa-
tion permits the assumption that the influx of radioactive Ca + + is proportional
to that  of non-radioactive  Ca++.  The influx  through  the resting membrane
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estimated  from the slope of the straight  line in the figure was about  14  pmol
per sec. per cm2. When spikes were produced the count increased markedly as
shown by open stars in Fig.  15. The figure listed next to each star indicates the
number of spikes produced  during this period.  Although a fairly large varia-
tion was found  in the different cases,  the result  clearly  indicates  that influx
increases during spike activity.  Since the stimulus current is an outward pulse
there is no possibility that Ca ions are driven into the fiber by the applied cur-
rent. The influx  of Ca++ estimated for one spike  is 35 to 85 pmol per cm2 per
spike.  35  to  85 pmol of Ca ++ corresponds  to  7 to  17  microcoulombs which
is some five  to ten times the  amount  necessary  to charge  the membrane  ca-
pacity  of unit area  (13 to  17  f/cm2) by 80 my.
These results are compatible with the idea that the charge is actually carried
by Ca ions during the spike potential of the barnacle muscle fiber.  However,
since in the present experiment the radioactivity of the whole muscle fiber was
examined, the adsorption of Ca ions on the membrane cannot be excluded.
DISCUSSION
All-or-none  type spikes  are rarely  produced  in  the normal  barnacle  muscle
fiber. Since a similar result has been obtained in some other crustacean muscle
fibers  (Fatt and Katz,  1953; Fatt and Ginsborg,  1959; Werman  and Grund-
test,  1961),  this seems  to be  one of the general  properties  of the  crustacean
muscle  fiber.  An  all-or-none  spike  is produced  when  the Ca ions  inside the
fiber  have been  removed  by injecting  Ca++-binding  agent.  The relation  be-
tween  the spike overshoot and the logarithm of the external  Ca++ concentra-
tion has a slope close  to that expected  for a Ca electrode.  The results,  there-
fore, suggest that the spike potential results from a permeability increase of the
membrane  to  Ca++.  The  measurement  of Ca++  influx  during  the  spike  is
clearly  in  accord  with  this  view.  A  similar  conclusion  has been reached  by
Fatt and Ginsborg in studying the effect of tetraethylammonium  ions on the
crayfish muscle fiber.  This is in contrast to the fact that in some other excit-
able  tissues  such  as  the squid  giant  axon  or frog  skeletal  muscle  fiber,  the
concentration ratio of Na+ across the membrane  is a major factor determining
the membrane potential at the peak of the spike. In the barnacle muscle fiber,
Na ions seem to be inert with respect to the spike.  Some other divalent  ions
such as Ba++ or Sr++ also produce a spike in the absence of external Ca ions.
Furthermore  an all-or-none  spike can  be produced in the normal untreated
fiber when the external  saline contains a certain amount of Ba++  or Sr++.  A
similar  effect on the spike potential by Ba++ or  Sr++ has been found in other
excitable  tissues  (Fatt  and  Ginsborg,  1958  Greengard  and  Straub,  1959;
Tasaki,  1959;  Werman,  McCann,  and  Grundfest,  1961;  Werman  and
Grundfest,  1961).  The relation between the spike overshoot and the logarithm
of the  [Sr++],,out  gives  the  slope  expected  for  a  Sr  electrode.  However,  the
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relationship obtained with Ba++ shows a slope much larger than that expected
for  a  Ba  electrode.  This  discrepancy  may  be  explained  by  assuming  the
second  effect  of Ba++  on  the  membrane.  As shown  in  the following  paper
(Hagiwara,  Chichibu,  and Naka,  1964)  the  overshoot  of the  spike potential
in Ca media depends not only on the external  Ca++ concentration  but also on
the  internal K+ concentration.  If Ba depresses  the  K+ permeability  change
during the  spike  potential  and  if this  effect  increases  with  increasing  Ba++
concentration  the  spike  overshoot  should  increase  with  external  Ba++  con-
centration  with  a  slope  larger  than  that  expected  in  a  Ba  electrode.  This
assumption may also explain the prolonged time course of the spike potential
in Ba media.
As the external  Ca++ concentration is increased,  various parametrical mem-
brane potentials of the current-voltage relation of the membrane shift to more
positive  membrane  potentials.  These  are  the  firing  membrane  potential  or
the membrane  potential  at which  the  initial  surge starts,  and  the  threshold
membrane potential for the development of the K current.  When  the resting
membrane potential  is decreased  to a certain  limit an all-or-none spike  is no
longer initiated  (Hagiwara,  Chichibu,  and Naka,  1964).  This  critical  mem-
brane potential shifts in the same direction as the external  Ca++ concentration.
The shifts  of these parameters  are linear  with  the logarithm  of the  external
Ca++ concentration  and  the  slopes give  a  6 to  7  my  increase  for  a  twofold
increase in concentration.  A similar effect  of Ca has been found for the squid
giant  axon by Frankenhaeuser  and  Hodgkin  (1957).  They  called  this  effect
the "stabilizing action"  of Ca++.  Based upon these results  they have proposed
the idea that in the resting membrane  Ca ions prevent Na ions from entering.
When  stimulation  removes  the  Ca++  the  membrane  becomes  permeable  to
Na ions, and thus a spike potential occurs. However, this idea may not be ap-
plicable  to the barnacle muscle  fiber since  the ions entering during the spike
are  also Ca ions.
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